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FOREWORD

This report was produced in accordance with contract AF33(657)-15504, Pro-
ject No. 681B, P, E.-C.-Ne.638216F, under the direction of Captain J. A. Baca
(APTP) of the Air Force Aero Propulsion Laboratory. It discusses the work con-
ducted by the Pratt & Whitney Aircraft Division of United Aircraft Corporat.on,
East Hartford, Connecticut in accordance with Exhibit A of the contract during
the period from June 1, 1966, through August 31, 1967. The report has been
assigned the contractor number PWA-3219 and was submitted for review in
October 1967.

This report contains no classified inflormation extracted from other classi-
fied documents. The report has been classified in accordance with DD Form 254
of the contract.

Publication of this report does not constitute Air Force approvai of the re-
port’s findings or conclusions, It is published only for the exchange and stim-
ulation of ideas.

ERNEST C. SIMPSON
Chief, Turbine Engine Division
Air Force Aero Propulsion Labhoratory
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UNCLASSIFIED ABSTRACT

(U) Materials research and development was perforn.ed under Contract AF33
(657)-15504 on diffusion bonding of titanium, machining of small-diameter holes,
determination of the abrasive properties of materials in a simulated jet-engine
environment, and determination of the properties of selected materials in a
high-temperature corrosive and erosive envircnment. Satisfactory diffusion
bonds were formed in hollow tit .ri-*m snacimens at a temperature of 1800°F
under isostatic preasure of 10, 000 ps1 using machinud steel mandrels to support
the walls of the cavities within the specimens. Although satisfactory results
were obtained using stee! mandreis, the difficulty of accurately machining
mandrels to {ill cavities with complicated shapes makes this technique impractical
for production processes. Five-mil diameter holes, which were subsequentiy
coated to reduce the diameter to three mils, were successfully drilled into 80-
mil thick alloys by the ECID (clectrochemical impingement drilling) and the
EDM (clectrochemical discharge machining) processes. Low-cycle fatigue
testing of specimens with arrays of three-mil diameter holes indicated the
superiority of directionally solidified U-700 alloy over other forms of the same
alloy and over dMar-M-509 alloy. Nonce of the materials evaluated for abrasion
propertics demonstrated satisfactory abradability concurrently with a capability
for withstanding the jet-engine environment, nor did any of the materials evzluated
for use in a high-temperature corrosive and erosive environment meet the pro-
gram rcequirements.  Best results were obtained with chrome-aluminide-coated
TD nickel, but cracks were observed in the specimen after only 16 hours of
testing, and oxidation followed the cracks.
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SECTION I
INTRODUCTION

(U) Materials research and development work was performed in four areas
with funding provided by Contract AF33(657)-15504. The first of these involved
an investigation of techniques for diffusion bonding hollow titanium specimens
with internal supporting webs. The second task involved evaluation of techniques
for machining small-diameter holes and determination of the effects of the holes
on the properties of the material. The third task consisted of determination of
the abrasion properties of a number of nonmetallic and metallic materials in a
simulated jet-engine environment, and the fourth task was an 2valuation of the
properties of coated and uncoated materials in a high-temperature corrosive
and erosive environment. The results of the work expende:i in each of these
areas with contract funding is discussed in the following sections,
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SECTION II

DIFFUSION BONDING

A. INTRODUCTION

(U) Diffusion bonding is of interest for joining surfaces which are not accessible
after a part has been assembled. A typical example would be a hollow structure
with internal supporting webs which might be fabricated in two halves and then
bonded together. In such a structure, the interface of the web sections are com-
pletely inaccessible and cannot be bonded by more conventional bonding techniques
such as welding. A diffusion bond can be achieved, however, by heating both
halves of the part to a temperature below the melting point of the material used
and pressing the halves together for a sufficient time period to allow diffusion of
the material across the interface. For bonding to be achieved, the surfaces to
be bonded must be brought into intimate contact, which requires that the mating
surfaces be accurately machined and that sufficient pressure be used to ensure
that contact is obtained over the entire interface. The pressure used generally
will be high enough to cause the material to yield, and, therefore, in a hollow
webbed structure, some type of support is required to prevent the hollow sections
between the webs from collapsing.

B. DISCUSSION OF BONDING EFFORT

(U) Diffusion bonding techniques were studied by bonding a number of titanium
specimens of the form shown in Figure 1. As shown, the hollow sections of
these specimens were supported by an internal mandrel.

(U) The selection of materials for use as mandrels was based on several con-
siderations. The mandrel material must be compatible with titanium and it must
be capable of providing the required support. Tt also must be capable of being
formed relatively precisely to the cavity dimensions, and it must be readily
removable from the cavity following bonding.

(U) The mandrel materials initially considered were molybdenum, Armco iron,
and Armco iron coated with aluminum oxide or graphtie. All of these materials
produced a reaction zone in the titanium alloy which was unacceptably brittle.
Subsequently, medium-carbon steel was tested, and it was found that the carbon
in this material reacts with the titanium to form a titanium-carbide layer which
acts as a reaction barrier, as shown in Figure 2. Steels with carbon contents
between (.24 and 0. 47 percent were found to produce the desired barriers to
preven: diffusion of the mandre! material into the titanium.
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Figure 1 Sketch of Diffusion-Bonded Specimen
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Figure 2 Photomicrograph of Interface Between Ti-6A1-4V
Alloy and 1025 Sieel in Hollow Diffusion-Bond
Specimen

NOFORN

AT Pe

UNCLASSIFIED




UNCLASSIFIED

(U) Initially, machined steel strips used for mandrels were found to be satis-
factory for parts with hollow cavities which have a relatively simple shape.

The mandrel must fit the cavity precisely, however, and, therefore, machined
manarels do not appear to be feasible for supporting cavities which complex
shapes, since the time required to produce complicated, accurately machined
mandrels would be excessive for producing parts on a production basis. Con-
sequently, several alternate methods of producing mandrels were attempted.
These included electroplating, plasma spraying, and filling the cavity with
small-diameter steel balls. None of these techniques were satisfactory.
Electroplating resulted in severe corrosion at the interface of the mandre!
material and the titanium, and the plasma-sprayed material failed to fiil the
corners of the cavities. The small-diameter steel balls did not provide ade-
quate support, and the walls over the cavities collapsed during bonding. Methods
of supporting the cavity walls without mandrels have been developed under other
programs, and these methods appear to be more practical than th3e using
mandrels when parts with complex internal cavities 1. ust be bonded. These
methods are proprietary and are not disc:'ssed in this volume.

(U) Whenever mandrels are used, a method must be available for removing the
mandrels after the blade halves are diffusion bonded together. The only practical
method available for removing steel mandrels from the complex blade cavities

is leaching with an acid solution. During this program, a 50-percent solution of
nitric acid was found to be a satisfactory ieaching agent. The process was slow,
and, when the specimens were simply immersed in the leaching solution, periods
of several weeks were sometimes required to completely remove the mandre!
material. A pumped stream of leaching soiution wouid be considerabiy faster,
but would also be more complicated. The simpie immersion process was con-~
sidered to be adequate for the purposes of this program, and no effort was spent
on developing a faster technique.

(U) All bonding was performed with a pressure of 10,000 psi and a temperature
of 1800°F. which is the maximum temperature below that at which the beta
transformation occurs. These conditions were maintained for three hours to
permit some creep of the titanium to occur. Experience has shown that titanium
can be bonded successfully at atmospheric pressure and a temperature of 1500°F
in a very short time if the surfaces to be bonded are initially in intimate contact.
The higher pressures and temperatures were used, however, because ol the
difficulty in machining two perfectly mated surfaces. The bonding parameters
used wure sclected to permit bonding of surfaces with gaps up to 0. 005 inch.

(U) A total of eleven specimens were bonded with mandrels at Battelle Memorial
I\stitute. A typical bonded joint is shown in Figure 3. Four of the specinens
weore peel tested, and all of these failed in the parent metal away from the joint
(8ce Figures 4 and 5). Metallographic examination revealeda that good bonding
was achieved in all areas. However, some deformation occurred at the edges of
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Mag: 500X

Figure 5 Photomicrograph of Diffusion-Bonded Section
of Peel-Tested AMS 4911 Specimen EM-1816-1

the specimen cavities where the mandrel did not precisely conform to the contour
of the cavity.

C. CONCLUSIONS AND RECOMMENDATIONS

(U) Diffusion bonding was shown to be a feasible method of joining titaniun
specimens.  For parts with cavities with siinple shapes, volid, machined man-
drels are satisfactory. However, better results, both tecnnically and ecoromic-

ally, can be obtained by using a proprietary nrocess which does not require man-
drels to support the cavity walls.
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SECTION III

TECHNIQUES FOR DRILLING SMALL-DIAMETER HOLES

A. INTRODUCTION

(U) A program invclving fabrication trials and mechanica! testing was conducted
to determine the best technique for producing closely spaced arrsvs of small-
diameter holes. Hole-diameters of approximately three mils were desired.

(U) The initial phase of the program was devoted to selecting the more promising
methods for producing holes, and the second phase of the program involved pre-
naratior and testing of axial push-pull and strip-bend :3w-cycle fatigue specimens.
The specimens were prepared with 100 hoies in each specimen arranged in a
rectangular array with a center-to-center spacing of 50 mils.

B. INITIAL EVALUATION OF HOLE-DRILLING TECHNIQUES

1. Preliminary Selection

(U) Several methods of drilling small-diameter holes were selected for evalua-
tion. The laser process was considered to be promising because of its speed
and because one vendor reportedly had drilled a one-mil diameter hole through
40-mil thick lungsten carbide. The process needed development, however,
because the metal which melted during the drilling process resolidificd on the
bole surface, leaving a recast layer which had a tendency to crack. The ECID
rocess (electrochemical impingement adrilling) had been under study at Pratt &
\ ‘hitney Aircraft prior to this program and was considered to be quite prom-
ising for this application. The EDM process (electrodischarge machining)
was initially rejected because it was believed that suitable three-mil diameter
holes could not be obtained.  later, however, the required hole size diameter
was increased te tive mils, and the EDM process was evaluated.  The increase
in diameter was permissible because it was found that a three-mil diameter hole
could be made by proper coating of a five-mil diameter hole.  The ECM process
was not studicd because it is not possible to construet a satisfactory nozzle for
producing a three-mi! diameter hole, since in this process the nozzle must pass
through ths hole.

2 laser Development

(') Holes are produced by a laser beam as a result of the melting and vaporiza-
tion of the material struck by the beam.  Since the beam can be concentrated into
a very small arca, heies on the order of one mil in diameter can be produced.
However, aome - { the me!?l mettod he he Houam =207 V7ol to form a remelt
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or recast layer. Since the properties of the recast layer differ fron: these of
the remainder of the material, cracks frequently develop in the recast iayer
as a result of thermal cycling. Conseguently, development was required to
reduce the thickness of the recast layer to an acceptable level.

(U) Three laser vendors were requested to develop drilling techniques to
eliminate or minimize the recast layer on a best-effort basis. Each was given
samples of 80-mil thick cast Udimet-7C0 and requested to submit what they
considered to be their best results at the end of a specified time period. The
vendor achieving the greatesi progress would then be given an oppo=tunity to
continue development on all candidate maierizls.

(U) Table I shows the range of variables studied and the optimum values deter-
mined by one vendor. The geometry is shown in Figure 6. However, even with
the optimum geometry, satisfactory holes could not be produced. Since no
significant improvement was achieved, the develcp ment of laser hole-drilling
techniques was discontinued.

(U) TABLE 1

RESULTS OF LASER DRILLING OPTIMIZATICN STUDY

Optimum
Variable Range _Value
Ruby Rod Diameier, in, 0.25 to 0,375 0.25
Ruby Road Length, in. 6.625 6. 625
Aperture Gpening, d, mm 1.5t0 7 1.5
Fccal Length of Lens, F, mm 12 to 26 16
Depth of Focai Point into Work Piece,

t, mils 0 to 80 60
Energy per Pulse, joules 5to 25 10*
Duration of Pulse, milliseconds 0.4to 3 0.4
* Energy at surface of work piece equalled 0. 6 joules,

> le t
i* . %i a- LENS MJ‘WO.TKPlECE
i FOCAL POINY
“"OF LENS
D LASER ROD E -
7 ﬁ
A L
APFRTURE
et F ——r

Figure 6 Schematic Diagram of Laser Hole-Drilling Equipment
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3 ECID Development

(U) The ECID (electroci:emical impingement drilling) process is a special ap-
plication ¢f the electrochemical machining process. In the ECM process, the
cathode tube carrying the electrolyte moves through the work piece, and, there-
fore, the smallest hole that can be produced is limited by the outside diameter
of the cathode tube. In the ECID process, this limitation is eliminated by re-
leasing the electrolyte through a jet across a gap of 0.020 to 0. 100 inch. The
jet is produced by pumping the electrolyte into the nozzle at high pressure. A
direct-current power suppiy is placed across the electrolyte and the work piece,
which deplates material from the work piece. A schematic diagram of the
equipment used for the process is shown in Figure 7. Figure 8 shows the
appearance of the equipment at the start of the program, and Figure 9 shows
the appearance of the equipment after modifications were made to permit three-
dimensional positioning of the nozzle. A closeup view of a typical specimen
being drilled is shown in Figure 10.

1000 KVA
DC SUPPLY

0®

PRESSURE
GAGE

- A — == == = PLEXIGLASS
‘ ¥ ENCLOSURE
| 1 GLASS
| NOZZLE
R ¥ WORK PIECE |
| )L |
| FII.TER
ELECTROLYTE I
' i STREAM 1 |
FILTER | L_—a
DRAIN
. ELECTROLYTE
PUMP - RESERVOIR

Figure 7 Schematic Diagram of ECID Hole-Drilling Equipment
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PULL TEST SPECIM
- CIMEN

I

NOZZLE

STREAM WITH POWER OFF

FLUSHING WATER
|/

STREAM WITH POWER ON

Figure 10 Closcup View ol Push-Pull Low-Cyele Fatigue Specimen Being
Drilled by ECID Process
NOFORN XP-T5779

UNCLASSIFIED




UNCLASSIFIED

(U) In the early stages of the development of this process, dril'ing trials were
continually hampered by plugging of the nozzle. The nozzles 2: the time had
inside diameters between 0.5 and 2. 5 mils which could be easily plugged by
small particles from the air. The problem was solved by moing the nozzie
drawing equipment into a clean room and keeping the resulting novzles in plastic
tubes except when actually being used for drilling. As an added precaution, a
two-micron polyvinyl filter was added upstream of the nozzle to filter out any
particles which passed through the main filter in the ECID apparatus.

(U) Considerable effort was expended to determine the ..ptimum ECID operating
parameters for obtaining the best hole surface finish and the shortest :Irilling
time. Significant variables included nozzle design, no:zle-to-work piece gap,
work piece material, electrolyte type and flow rate. voltage, and dwell time.
Dwell time is the length of time that the drilling operation is continued after the
electrolyte stream breaks through the material. Satisfactory values were de-
termined for each of these variables. Investigations are continuing under another
program to improve the ECID process further.

(U) To ensure that a particular hole s‘ze could he produced consistently, a
method for producing a consistent nozzle shape and size had to be developed.
The basic process developed involved pulling heated Pyrex tubing which initially
had a 1/4-inch outside diameter and a 1/32~inch inside diameter. The process
was standardized by using the e quipment shown in Figure 11. In this device, the

Figure 11 ECID Nozzle Forming Fixture Xp-73102
NOFORN
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glass tubing is heated by a Nichrome heating coil ard then pulled by a weight.
The power to the heating coil and the size of the weight can be varied to produce
the desired results. The distance through which the tube was pulled was con-
trolled by the length of time that power was supplied to the heating coil after

the tubing started to yield. 'The heating coils had to be replaced periodically,
and it was found that variations in the resistancé of the coils significantly
affected the results. Considerable care was required to ensure that. consistent
coils were used. Following drawing, the tubing was cut in the reduced section
to form the nozzle. A clean cut was required, since any clipping at the nozzle
tip permitted the electrolyte stream to disperse over too large an area. The
flow characteristics and the diameter of the nozzles were checked in the apparatus
shown in Figure 12. At the end of the program, approximately 65 percent of
the nozzles produced were usable. Typical nozzles are shown in Figure 13.

(U) These nozzles suffered from two deficiencies. First, after several hun-
dred holes had been drilled with a particular nozzle, erosion caused the nozzle's
inside diameter to become enlarged, resulting in larger diameter holes. The
hole size increased by approximately 0.5 mil for every 100 holes drilled with
a particular nozzle. Second, the relatively large outside diameter of the
nozzles limited the minimum possible spacing between holes during maultiple
drilling operations. Consequently, techniques for fabricating nozzles from
quartz tubing with an outside diameter of 80 mils are being developedunder
another program. When successful, the developed techniques are expected to
produce nozzles with significantly better resistance to erosion and with an out-
side diameter that will permit closer hole spacing during multiple drilling
operations.

(U) The actual design of the nozzle was determined by trial and error. The
inside diameter required to produce a three-mil diameter hole was determined
to be between 0.5 and 1. 0 mil. The length of the nozzle tip was determined
experimentally on the basis of its effect on electrical and flow resistance.

For a given voltage and pressure, the current and the electrolyte flow rate
decrease as the tip length is increased, thereby increasing drilling time. How-
ever, the effects of the tip length and shape on the discharge stream diameter
have not been determined precisely.

(U) The effect of the gap between the nozzle and the work piece was studied,
and it was found that best results were obtained with a gap of approximately

60 mils. Increasing the gap increases the electrical resistance of the electro-
lyte stream, whereas decreasing the gip permits the return spray of electro-
lyte from the work piece to interfere with the impinging stream, thus causing
enlargement of the hole being arilied.
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P.ASTIC STORAGE

TUBE SONIC CLEANED PLASTIC TUBE

TO PROTECT TP

"

FILTER RETAINER,
{SEALED END
IS CUT OFF

AY TIME OF uSE) — BULGED TO RETAIN

NOZZLE IN TS
MOLDER DURING USE

"MILLIPORE’" BRAND
FILTER PAPER — pPVC
WRAPPED AROUND
END OF NOZZ.E

STORAGE TUBE Car

Figure 13  Typical ECID Nozzles Drawn From 1/4-Inch Outside
Diameter Pyrex Tubing

(U) Driliing rate is a function of several parameters, including the type of
material being drilled, the type of electrolyte used, the electrolyte flow rate,
and the voltage across the electrolyte and the work piece. Material is removed
from the werk piece by elecirolytic and, possibly, chemical action, and,
therefore, the drilling time will be proportional to the valence of the work piece
material. Since the valences of the base metals in the alloys drilled during the
program were equal, the drilling times should be approximately equal in the
absence .f chemical reactions. Testing verified this theory for Mar-M-509
and Udimet-700 alloys. For other alloys, however, it is possible for complex
reactions to occur which can vary both the drilling time and the surface finish,
so actual drilling time must be determined experimentally for each material.
During this program, 80-mil thick specimens were drilled in approximately

1. 5 minutes.

(U) The type of electrolyte used affects the drilling time in two ways. First,

it must produce WU desired electrolytic reaction with the work piece material
without detrimentally reacting with the material chemically. Secondly, it must
have a high conductivity to provide a high current.  Hydrochloric acid was found
to meet both of these requirements for the materials drilled during this program.

(U) The electrolyte flow rate affects the drilling time since increased flow re-
moves the products of electrolysis and chemical reaction more quickly, per-

mitting fresh electrolyte to reach the work pisce more rapidly.
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(U) Another parameter affecting drilling rate is the voltage across the nozzle
and the work piece. Increasing the voltage increases the electrolytic current
and, therefore, the rate at which the electrolytic reaction occurs. ‘The maxi-
mum voltage which can be used is limited, however, because at excegsively
high voltages arcing occurs hetween the nozzle and the work piece. The arcing
probably occurs because of vaporization of the electrolyte as a r_s.lt of the heat
generated by the passage of current through the stream. T1f this is the case,
higher voltages, and, thercfore, higher currents, could be used by increasing
the electrolyte flow rate, which would keep the electrolyte temperature below the
critical vaporization point. A volluiyge just under the arcing voltege was used

for all driliing operations during this program.

(U) The final parameter considered was dwell time. Dwell time is the length

of time that the drilling operation is continued after the electrolyte stream
breaks through the material. If drilling is stopped immediately after the electro-
Iyte breaks through the work piece, a iip with sharp corners will remain at the
exit side of the holc, and the diameter in this region will be substantially

snaaller than that of the remainder of the hole, ns shown in Figure 14. Con-

Mag: loex
Figure 14 ECID Hole After Initial Electrolyte Penetration
Showing Uip ot Bottom of Hole{A) Arrow
(B) Shows Direction of Cutting Action
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tinuing the operation several seconds longer removes the lip and rounds the
corners at the exit of the hole. A dwell time of seven sccends was found to
produce best results during this program. The time that the electrelyte breaks
through the work picce is clearly indicated by a sharp drop in current.

(U) Once the nozzle design requirements and operating parameters were de-
termined, it remained to determine to what extent the hole size was repeatable
from one hole to the next and from one nozzle to the next nozzle. A large
number of holes were drilled with ter different nozzles, and the holes were
examined. For any single nozzle, the hole size was repeatable to within 0.1

mil, discounting the effects of nozzle tip crosion, which constituted a progressive
increase in hoie diameter at the rate of 0.5 mil per 100 holes. Between nozzles,
the hole s1z¢ was repeatable to within 0.5 mil for both 3-mi! and 5-mil diameter
holes.

4. Coating Trials

(1) Inan effort to achieve maximum corrosion and erosion resistance, attempts
were made te qpaly coatings to the inner surfices of the holes to determine if
such a process vere feasible. Specimens with four-, sin-, and ten-mil diameier
holes produced by the ECHD process were delivered o tiree sendors for coating.
The process used by one of the vendors produced a uniform coating through all

of the holes with a thickness cuual to that of the coating on the external surface.
Approximitely one hialf of the coating inside the holes diffused into the hase
nuterial, thereby decreasing the hole dian cter by an amount approximately
equal to the coating thickness. A typical coated specimen is shown in Figure 15,

Figure 15 Coated ECID Hole Drilled to 4-Mil Diameter at
NOFORN Exit in so-3M{l Phick Cast Udimet-Too
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Since it was found to be possible to apply a two- to three-mil thick coating to
the inside of the holes, it was possible to relax the hoie drilling requirements
from a three-mil diameter hole to holes with diametcrs between five and six
mils. The coating would then reduce the bole diameters to two to four mils,
thereby meeting the coriginal requirement.

~

5. EDM Devei. ment

(Ur Following relaxation of the hole diameter requirement, holes were drilled

by the EDM process using equipment specifically designed for small-diameter
hole drilling. The vendor who performed the work claimed that by using specially
designed equipment, drilling times would be shorter and the recast layer would
be thinner than that obtaiiied using the universal type of EDM equipment. The
vendor produced five-mil diarmeter holes in 80-mil thick specimens including
Udimet-700 and Mar-M-509 ailoys in less than one minute. More conventional
EDM equipment would require over an hour to produce equivalent holes.

Further, the recast layer was essentially nonexistent. The equipment used is
shown in Figure 16, ard typical holes are shown in Figure 17.

6. Multiple-Hole Drilling

(U Any process constdered for producing small-diameter holes must be capable
of producing several holes simultaneously if the process is to have practical
valuo, Multiple-hole drilling trials, therefore, were conducted with the ECID
process under another program. For these trials, nozzles were drawn froin 80-
mil tubing so that a gpacing of 200 mils between adjacent nozzles could be achieved,
A total of 230 holes were drilled in 35-mil thick macerial in groups of 10 re-
quiring 23 minutes total time. Hole spacing in actual parts may need to be as
close as 30 mils. It is not known at the present time if it is possible to produce
holes by the ECID process with o 50-mil spacing, even if the probiems of noszle
spacing can be vesolved. With a 30-mil spacing between holes, interference may
occeur between adjacent electrolyvte jets causing electrolysis or chemical reactions
1o occur on the surface between holes, I this is the case, the desired hole spacing
can stili be obtained, however, by drilling one set of holes with double the desired
spacing, and then drilling a second set in the spaces between the holes in the tirst
set.

C. LOW-CYCLE FATIGUE TESTING

I, Test Program Description

(1) Low-cyele-fatigue testing was performed t determing he cyvelic life of
candidate materials with and without holes.  Two types of tests were performed:
axial push-pull tests and strip bending teats.  Both types of test were performed
at lovo”f.

NOFORN

FASE MO 19

UNCLASSIFIED




UNCLASSIFIED

Figure 17 Seven-Mil Diameter Hole Drilled by EDM Process Through 80-Mil
Thick Udimet-700 in Approximately 50 Seconds
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(V') Axial push-pull testing was performed with the equipment shown in Figure 185.
This rig loads the specimen through a hydraulic ram to a set strain level, which
is maintained through a linear variable differential transformer (LVDT) extension-
meter attacked Lo the innevr surface of the specimen. With this arrangement, the
strain level remains constant throughout the test regardless of strength changes in
the specimen induced by the test. Most of the tests were performed with a max-
imum strain of one percent, although smooth specimens were tested at other
strain levels for comparison purposes. The temperature of the specimer is
raised to the desired level by induction heating.

Figure 18 Hyvdraulically Operated Strain Cyvelie Rig Used for Axial
Push-Pull Testing [-15610

(Uy Bend testing was performed in the low-cycele fatigue test rig shown in

Figure 19. This rig subjects the specimen to a pure bending toad by applying
cqual and opposite moments to the ends ol the specimen, as hown in Figure 20,
During reversed bending, the ends of the specimen are displaced Kinematically

te maintain a circular arce. The maximum strain is maintained constant through-
oul the test regardless of strength changes in the specimenr. Strain is determined

NOFORN
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by the setting of the adjustable crank shown in Figure 20. Testing can be per-
formed at elevated temperature by inserting the specimen in the furnace shown
in Figure 19.

Figure 19  Pure Bending Low-Cycle Fatigue Rig

Figure 20  Operation of Pure Bending Low-Cycle Fatigue Rig
NOFORN
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2. Specimen Preparation

(U) Four materials were tested during the program. These were conventionally
cast U-700, wrought U-700, directionally solidified U-700, and conventionally
cast Mar-M-509. These materials were formed into strip bend specimens,

such as shown in Figure 21, and into tubular push-pull specimens, such as
shown in Figure 22. Both types of specimens contained 100 holes spaced
approximately 50 mils apart over an area measuring about 1/4 inch by 1 inch.
The holes were produced by either the EDM or the ECID process. Specimens

of each material without holes were tested to provide baseline data. Specimens
were fabricated in two thicknesses, 0. 040 inch and 0. 080 inch.

(U) No heat treatment was required for cast Mar-M-509 material. The U-700
materials all received heat treatments before machining and drilling. The
conventionally cast and directionally solidified U-700 matierials both received

the same heat treatment. These materials were solution heat treated at 2125

to 2150°F for four hours followed by furnace cooling at 100°F per hour to 1975°F
and air cooling to room temperature. The wrought U-700 material was solution
heat treated at 2125 to 2150°F for four hours, precipitation heat treated at 1975°F
for four hours, and then air ccoled. This was followed by treatment at 1550°F
for 24 hours and air cooling and then treatment at 1400°F for sixteen hours with
air cooling. Following heat treatment, the specimens were machined and drilled
by the selected processes. They were then protected by a pack aluminum
coating. The coating process included a diffusion heat treatment at 1975°F for
four hours with air cooling. Following coating, the cast U-700 materials were
precipitation heat treated at 1400°F for sixteen hours. The wrought U~700
material was precipitation heat treated .t 1550°F for twenty-four hours and air
cooled, foliowed by heat treatment at 1400°F for sixteen hours with air cooling.
The Mapr-M-509 material was precipitation heat treated at 1975°F for four hours
following coating.

(U) The process selected for fabricating the specimens is one which would also
be suitable for complete blade and vane fabrication. Heat treatment was per-
formed before machining to prevent the surface recrystallization and contami-
nation which otherwise might occur. In addition, the chosen heat treatment
schedules tend to keep the grain boundaries clean, thereby enhancing the ductility
of the part. The process was also compatible with a hard-facing process which
would be required for the turbine blade parts. Hard-facing can he performed on
U-700 matcrial only whea the material is in the as-cast condition or after it has
received the complete heat treatment schedule. A temperature of 1973°F was
selected for the diffusion treatment following the pack aluminizing process to
ensure that recrystailization of the machined surface would not oceur.
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FFigure 21 Typical Strip Bending Specimen with 5-)il Diameter
Holes Produced by the FECID Process,  Hole Fxit
Surtace is shown at Left and in the Center and Hole
I'ntrance is shown at Right NP-76204

Pigupe 22 Uvpical Tubular Push-pull Specimens with FCID

Holes (Leth and EDM Holes (Right) H-,001
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3. Test Results

{U) Detailed test results are presented in Figures 23 through 30, and average
values for each material are presented in Table II. In general, the strip-bending
low-cycle fatigue life was higher than the axial push-pull life. The thinner
material tended to have the longer life in axial push-pull cycling, whereas the
thicker material consistently had the longer life in strip bending.

(U') The directionally solidified U-700 material demonstrated the longest average
strip bending low-cycle fatigue life in both material thicknesses with holes driiled
by either the EDM or ECID processes. In fact, in strip bending, the drilled
directionally solidified U-700 material had longer fatigue lives than any of the
sraooth specimens fabricated from other materials. Wrought U-700 material was
slightly better than cast U-700 material in strip bending, but the fatigue life of
Wrought U- 700 material was significantly shorter than that of directionally
solidified 1J-700 material for equal thicknesses and specimen conditions. Mar-
M-509 material had the shortest life of the four materials for each specimen
condition.

(U) In axial push-pull cycling, the directionally solidified U-700 material and
the wrought U-700 material had comparable fatigue life for smooth specimens,
but the fatigue life of the directionally solidified material with holes was signifi-
cantly longer than that of the cast material with holes. A typical failed specimen
of directionally solidified U-700 material is shown in Figure 31. For specimens
with holes, the cast U-700 and wrought U-700 materials had comparable life.
Mar-M-509 material again demonstrated the shortest life in axial push-pull
cycling.

(U) The average fatigue life data presented in Table II clearly indicates the
superiority of directionally solidified U-700 material with respect to fatigue
life with and without holes at 1500°F. Study of the detailed data presented in
Figares 23 through 30, however, indicates that the data for this material con-
tains considerably more variation than that for the other materials. This
indicates that more development effort should be applied to achieve consistent
performance from this alloy.

D. CONCLUSIONS AND RECOMMENDATIONS

(U) The fabrication tests demonstrated that S-mil-diameter holes can be drilled
in 30-mil-thick alloys by either the ECID or the EDM process in less than 1 12
minutes and that 3-mil diameter holes can be drilled in 30-mil thick turbine
alloys by the ECID process. Further development is required before multiple
nole drilling will be feasible by either process.
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(U) TABLE TI
AVERAGE LOW-CYCLE FATIGUE LIFE FOR CANDIDATE

TURBINE MATERIALS AT 1500°F WITH 1
PERCENT TOTAL STRAIN RANGE

Axial Push-Pull Test - Average Number of Cycles to Failure

Directionally
Wrought Solidified
Cast U-700 U-700 U-700 Mar-M-509

40-Mil 80-Mil 40-Mil 80-Mil 40-Mil 80-Mil 40-Mil B50-Mil
Thick Thick Thick Thick Thick Thick Thick Thick

Smooth 380 355 1460 1020* 1390 1190* -- 40**
ECID Hoies 50 75 -- 60* 85 320 -- 16*
EDM Holes 116 150 195* 110 415 550 -- 50*

Strip- Bending Test - Average Number of Cycles to Failure

Directionally
Wrought Solidified
Cast U-700 U-700 U-700 Mar-M-509

40-Mil  80-Mil  40-Mil  80-Mil 40-Mil 80-Mil 40-Mil N0-)Mil
Thick  Thick

Thick  Thick  Thick  Thick  _Thick. Thick

Smooth -- 815 610 1150 4325% 17100 250 395*
ECID Holes 270 430 360 575 1940* 10700 9o 150
EDM Holes 200 385 300 510 2300 3900 125 220

* Based on one test
*¢ Inte rpolated
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(U) Low-cycle fatigue testing demonstrated the superiority of directionally
solidified U-700 material with respect to cyclic loading, botk with and without
ECID or EDM holes. The other materials tested demonstrated significantly
shorter life and appeared to be mora sensitive to the presence of ECID and
EDM small-diameter holes than the directionally solidified U-700 material.

(U) Additional low-cycle fatigue testing should be performed to determine the
effects of the type of cyclic strain, the thickness of the material, and the
presence of the pack aluminum coating on fatigue life. The scatter in the uata
for the directionally solidified U-700 material indicates a need for achieving
more consistent properties through development. However, the obvious
superiority of this material at its current level is indicative of the potential of
single~crystal U-700, and this material should be evaiuated by a similar test

program.
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Figure 24  Strip Bending Low-Cycle Fatigue Life of Cast
U-70C (PWA 655) Material at 1500°F
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Figure 25 Axial Push-Pull Low-Cycle Fatigue Life of Wrought
U-700 (PWA G3¥9) Material at 1500°F
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Figure 27 Axial Push-Pull Low-Cycle Fatigue Life of
Directionally Solidified U-700 (PWA 1411) Material at
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Figure 28  Strip Bending Low-Cycle Fatigue Life of Directionally
Solidified 1-700 (PWA 1411) Material at 1500°F
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Figure 29  Axial Push-Pull Low-Cycle Fatigue Life of Cast
Mar-M-509 (PWA 647) Material at 1500°F
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SECTION 1V
ABRADABLE MATERIAL NDEVELOPMENT
A. INTRODUCTION

(U) The objective of the abraduble materia! developmeni program was to select
materials with good abradability for use in medium and high temperature en-
vironments.

{U) The program was conducted in several phases. Initially, a large number

of materials were selected for study on the basis of literature surveys, experience,
and assumed requirements for abradability. The second phase involved fabri-
cation of the materials and bonding them to various materials. Suvbsequently,

the resulting specimens were subjected to three types of tests. Static oxidation
and aging tests were perforr1ed to determine the m: ximum service temperature

in air for these specimens. Hot gas erosion tests were perfcrmed to determine
the resistance of the materials to jet burner combustion gases or hot air at Mach
1.0 and Mach 0. 8, respectively. Fiually, dynamic abrasion tests were performed
to evaluate the behavior of the candidate materials to abrasion from a spinning
disk-and-blade assembly.

B. MATERIAL SELECTION

(U) At the start of the program, the characteristics of a material which enhance
its abradanility were not nirecisely known. It was assumed that relatively soft
materials with low densitv would exhibit better abradability than tough materials
with high density. It was also necessary, Jowever, to select materials which
would withstand the severe oxidation and erosion environment present in high-
temperature environments. Literature surveys showed that, in general, non-
metallic materials would provide adequate life when used at temperatures up to
700°F. The more promising nonmetallic materials included silicone rubber,
silicone foem rubber, Epc Clastic, and inorganic binder materials. It was
expected that the abradabil..y of these base materials could be iriproved by the
addition of filler materials such as choppcl Tiberglas, hollow glass spheres,
asbestos flakes, graphite, mica, and woven Fiberglas. I urther literature
search suggested that porous and fibrous high-temperature alloys as well as
inorganic mica, graphite, and aluminum mixtures might be suitable for use in
the intermediate range between 700°F and 1200°F.

(U) In a high-teimnperature environments it was assuined that abradability
characteristics would have to be compromised somewhat to obtain a matevial

with adequate resistance to high-temperature gas corrosion and erosion. Con-
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sequently, high-temperature, high-strength nickel base alloys such as Hastelloy X
and Incoloy 800 as well as type 410 stainl2ss steel were chosen for evaluation. To
enhance their abradability, these materials consisted of either a commercially pro-
duced hexagonal honeycomb structure cr a drilled honeycomb structure. In addi-
tion, two feltmetals were tested. The complete list of the materials and material
combinations selected for study is presented in Table III.

C. FABRICATION

(U} The fabrication o1 nonmetallic specimens involved the initial combining of
the hinder and the filler materials followed by specimen forming and curing. In
some cases, specimens were formed by applying the mixed binder and filler
disectly tc 0. 045-inch thick backing plates. 'To promote bonding between the
material and the backing plate, the plate was grit-blasted to provide a rough
surface, and, when required, brushed with an adhesive sealant or bonding agent.
In other cases, the material was formed into sheets without backing for sub-
sequent fabrication into aging and erosion specimens. Following forming, the
specimens were cured at room temperature or at a slightly elevated temperature
to allow the material to harden. Tbey were then cured at elevated temperatures
to drive off excess volatile agents. Details of the fabrication process are shown
in Table IV.

(U) Drilled metallic honeycomb material was fabricated from Hastelloy X, type
410 stainless steel, or Incoloy 800 materials by close-spaced drilling in 0. 125-
and 0. 187-inch thick sheets. By varying the drill diameter, web thicknesses of
5, 8, and 20 mils were obtained. The holes were not drilled all the way through
the material so that the equivalent of a solid backing plate remained. After
drilling, the material was machined and formed to the dimensions of the backing
plates, thereby elimineting the necessity of bonding the material to a separate
plate. Details of the fabrication of metallic specimens are shown in Table V.

(U) It was necessary to bond the commercially obtained honeycomb materials to
a backing plate, and this was performed with high-temperature braze alloy §8600
(Ni-33Cr-4Si~25Pd) at 2150°F in a hydrogen atmosphere.

(U) Difficulty was encountered in brazing the feltmetals to the backing strins be-
cause the feltmetal absorved the molten braze material. This resulted in inade-
quate braze coverage at the joint, and also drastically reduced the abradability
of the feltmetal. In an attempt to eliminate the flow of braze material into the
feltmetal (wicking), a 1-mil thick coating of nickel-aluminide coating was plasma
sprayed onto the feltmetal prior to brazing. However, as shown in Figure 32,
considerable wicking still occurred. Thicker coatings were applied and con
siderable reduction of braze penetration resulted, although some wicking still
occurred. Finally, it was found that wicking could be essentially eliminated by
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(U) TABLE LI

MATERIALS STUDIED FOR ABRADABLE SEAL APPLICATIONS

Material Designation
DC-325
DC-93-004

Chopped Fiberglas plus
RTYV Silicone Rubber

Eccospheres plus DEN 438

Molykote Z plus DEN 438
Fiberglas plus DEN 438
Fiberglas plus Polyimide

Fioerglas plus PBI
SermeTel (PWA-T7-3)

Hastelloy X Feltmetal
Haynes 25 Feltmetal

Hastelloy X Drilled Honey-
comb with 8-Mil Web

Hastelloy X Commercial Honey-
comb with 5-7Mil Web

Hastelloy X Commercial Honey-
comb with 8-Mil Web

Hastelloy X Commercial Honey-
comb with 10-Mil Web

410 Stainless Steel Driiled
Honeycomb with 5~Mil Web

410 Stainless Steel Drilled
Honeycomb with 20-Mil Web

Incoloy 800 Drilled Honey-
corab with 20-MIL Web

GE-757

GE Nichrome Foametal

NOFORN

Dow Corning white silicune ablative material

Dow Corning aerospace sealant material

Hollow silica microspheres in Dow Epoxy
Novolac 438 resin

Molybdenum disulphide powder in DEN 438
Tricon number 101 weave Fiberglas in DEN 438

Alternate layers of number 108 and number
181 Fiberglas weaves in Polyimide binder

Fiberglas fabric impregnaied with
Polybenimidazole

Mica, graphite, and aluminum added to
SermeTel binder

RTV silicone rubber foam
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Material

DC-325

DC-93-004

Chopped Fiberglas plus
RTV Silicone Rubber

Eccospheres plus DEN
438

Molykote Z plus DEN 438

Fiberglas plus DEN 438

Piberglas plus Polyimide

SermeTel (PWA 7-3)

Fiberolas plus PBI

4

GE-757

NOFORN
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(U) TABLE IV

FABRICATION PROCEDURES FOR NONMETALLIC ABRADABLE

SEAL MATERIALS

Composition
(Weight Percent)

Vendoer proprietary

Vendor proprietary

50% chopped 1/4 inrh dia-
meter Fiberglas wiuii heat-
cleaned finish. 50 RTV
silicone rubber

17% Eccospheres and 83'%
DEN 438

50% MoS,, and 50% DEN
438

60% Fiberglas and 40%
DEN 438 (1 Layer Fiber-
glas 9. 103 inch thick).

45 to 50'y Fiberglas and
50 w 55'; Polyimide
(Alternate layers of no.
108 and 181 Fiberglas
weave)

100 ML SermeTel 2228
plus 20 gms Mica plus
15 gms Graphite plus
80 gms Aluminum

Narmco - hnicite 1850
Pra-Preg.

Vendor proprietary

PAGE NO.

Layup Procedure

Hand troweled and room-
temperature vulcanized

Hand troweled and room-
temperature vulcanized

Hand troweled and room-
temperature vulcanized

Hand troweled and heated
to 350°F for 4 hours

Hand troweled and heated
to 350°F for 4 hours

NMA Curing Agent, BDMA
Accelerator, 250°F for 1.5
hours in "C" clamp-con-
tained mold

Layup in mold 2 to 3 hours
at 400°F then 5 to 15 min-
utes at 600°F. Compression
laminated 1 to 5 minutes

at 500 psi and 750 to 800°F

Iiand troweled and air dried
12 hours or more prior to
curing

Layup in mold and com-
pression laminated at
700°F for 3 houre. No
adhesive uscd to bond
material to back. p plate
for rub strips

Hand troweled and room-
temperature vulcanized

35
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Post~Lay Up Cure

4 hours at 250°F

24 hours at 400°F

No cure cycle

No cure cycle

No cure cycle

4 hours at 400°F
Finished material 0. 065
inch thick after cure

2 hours at 250°F, heated to
400°F over 2 hours and held
at 400°F for 12 hours for

250 to 500°F test range. For
highar o3t Wwmperatures,
place in cold oven and raise
to temperature in 2 hours.

Place in preheated oven and
increase heat in increments:
2 hours at 140°F, 1 hour at
175°F, 1 hour at 200°F, 1
hour at 360°F, 1 hour at
615°F.

Oven purged to nitrogen
atmosphere at room tempet-
ature for 1/2 hour, 600°F for
1 hour; 650°F for 1 hour; 700°F
ior 1 konr: 750°F for 1 hour;
800°F for 8 hours. Cooled
below 400°F in nitrogen before
removal.

1 hour at 250°F
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NO
WICKING
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WICKING
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NICKEL
ALUMINIDE
COATING

Figure 32  Photomicrograph of Feitmetal With 1-Mil Thick Plasma-
Sprayed Coating of Nickel Aluminide Showing Extent
of Wicking

applying a 5-mil thick plasma-sprayed coating of nickel aluminide and a 2-mil
thick plated nickel coating (see TFigure 33).

(U) The bond strengths obtained between the nonmetallic and metallic materials
and the backing plates were initially evaluated by bend testing. A typical bend
specimen is shown in Figure 34 after testing. Final evaluation of the bond
strengths were made during the static oxidation and aging tests and during the
dynamic abrasion tests. Bonds were considered to be satisfactory only when
all failures cf the material occurred outside of the interface between the speci-
men and the backing plate.

(U) Iu general, nonmetallic bonds tailed because of loss of adhesion between
the specimen and the backing plate as 2 result of thermal degradation of the
bond during aging cr because of insufficient strength to withstand blade impact
during dynamic abrasion testing. Brazed bonds failed only in the feltmetal
specimens and then only during dynamic abrasion testing. These failures were
attributed to insufficient braze coverage during fabrication.
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Figure 34 Typical Specimen After Bending to Evaluate Bond Strength
Between Abradable Material and Backing Plate XP-78105

D. TEST PROGRAM

1. Static Oxidation and Aging Tests

(U) Static oxidation tests were conducted for the metallic materials. These
tests involved heu.ing the specimens in electric resistance furneces for 200
hours with thermal cycling to room temperature every four hours. The tests
were performed to determine the maximum operating temperatures for each
material for application in the range from 1000°F to 1900°F. Following testing,
the specimens were examined for evidence of warpage, oxide sealing, and
cracking. In addition, selected specimens were weighed to determine the gain
in weight as a result of oxidation, and they were subjected to tensile and bend
testing when the materials were suitable for such testing. All of the specimens
were examined metallographically to determine the extent of oxide penetration,
The temperature and duration of the static oxidation tests performed for each
of the metallic materials are listed in Table VI.

(U) Examinatioa of the Hastelloy X and Haynes 25 feltmetals following static
oxidation revealed increasing oxide penetration with time and temperature, as
shown in Figures 55 through 35. The change in weight associated with the
oxide penetration is shown in Figures 3 and 40 for the two materials. In
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MAG: 50X

MAG: bLuUX

HASTELLCY X - 204,75 HOURS HAY NZS 25 . 198.90 HOURS

Figure 35  Photomicrographs of Hastelloy N and Haynes 25 Feltmetais After
static Oxidation Testing at 1000°F
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MAG: 50X

MAG: =ooaX

HASTELLOY X . it 5 HOURS HMAYNES 29 - Jiu st HOURS

Figure 36 Photomicrographs of Hastetoy N and Hinvees 20 Peltmetals After
Static Oxidation Testipg at 1200 1
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MASTEL L O

Figure 5~ Photomicrographs of Histelboy N oand Honnes 2o Feltimetals After
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Figure 39  Percent Increase in Weight of Hastelloy X Feltmetal During Static
Oxidation Testing
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Figure 40  Percent Increase in Weight of Haynes 25 Feltmetal During Static
Oxidation Testing
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(U) TABLE VI

STATIC OXIDATION TESTS PERFORMED ON
METALLIC ABRADABLE SEAL SPECIMENS

xidation Time {Hours)
Oxidation Temperature

1800°F 1600°F 1400°F 1200°F 1000°F

Hastelloy X Feltmetal 0 200 200 200 200
Haynes 25 Feltmetal 0 200 200 200 200
Hastelloy X Drilled Honey- 200 200 200 0 0

comb with 8-Mil Web

Hastelloy X Commercial 200 200 200 0 0
Honeycomb with 5-Mi)] Web

Hastelloy X Commerciai 200 200 200 0 0
Honeycomb with 8-Mil Web

Hastelloy X Commercial 200 200 200 0 0
Honeycomb with 10-Mil Web

410 Stainless Steel Drilled 0 200 200 0 0
Honeycomb with 5-Mil Web

410 Stainless Steel Drilled 0 200 200 0 0
Honeycomb with 20-Mil Web

Incoloy 800 Drilled Honey-~ 200 200 200 0 0
comb with 20-Mil Web

evaluating the data presented in these curves, it should be noted that the weight

of the specimens after testing is a function of two factors. namely, the increase
in weight as a result of oxidation, and the loss in weight resulting from separation
of the oxide coating from the specimen. Consequently, the curves have generally
been drawn through the maximuin weight points, since, if no oxide separation
occurred, the specimen weight would not decrease with time. Unfortunately,
Figures 39 and 40 cannot be directly compared to determine the relative oxi-
dation tendencies of the two materials. Although both materials were specified

as having a density of 30 percent of the maximum theoretical density, the density
of Hastelloy X material was actually 31. 8 percent, and the density of the Haynes
25 material was actually 37.3 percent. Further, the fibers in the Haynes 25
material were considerably finer than those in the Hastelloy X material, resulting
in more exposed surface area and a higher oxidation rate.

(U) The bend strength of the feltmetals aftcr static oxidation testing was deter-
mined by bend testing. As shown in Figures 41 and 42, the bend strength of
Hastelloy X feltmetal increased with oxidation time at 1000°F but decreased with
oxidation time at higher temperatures, whereas the bend strength of Haynes 25

NOFORN

PAGE NO. 4D

UNCLASSIFIED




UNCLASSIFIED

{3 FIRST BEND SPECIMEN
QO SECOND BEND SPECIMEN

DOTTED LINES REPRESENT ASSUMED STANDARD DEVIATION_|
VALUES BETWEEN LINES ARE 99.7 PERCENT RELIABLE.
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Figure 41  Effect of Oxidation Time and Temperature on Bend Strength of
Hastelloy X Feltmetal
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feltmetal increased with oxidation time at 10C0°F and 1200°F, with a decrease
occurring at higher temperatures. This behavior is attributed to the interaction
of several mechanisms. The material strength is increased and the ductility

is decreased by carbide and precipitaticn hardening and by the cementing effect
oi the oxide formation at the fiber intersec’ions. Continued oxidation however,
lowers the basic strength of the feltmetal fibers. Consequently, the strength

of the material increases with oxidation time at the lower temperatures where
the hardening effects predominate, wund it decreases with oxidation time at the
higher temperatures where the deteriorztion of the fiber strength from oxida-
tion predominates. The extent to which this behavior influences the abradability
of the feltmetals has not been determined, but, on the basis of the metallographic
changes and the appearance of the specimens after static oxidation testing, it
appears that both materials will provide a 200-hour life at 1200°F.

(U) The results of the static oxidation tests performed on the honeycomb ma-
terials are shown in Figures 43, 44, and 45. No signrificant difference was
observed between the commercial and the drilled honeycombs when the same
material was used. The behavior of the different materials differed significantly,
however. After 200 hours at 14 00°F, the Hastelloy X honeycomb showed negligi-
ble oxidation, whereas the Incoloy 800 material had surface oxidation penetration
to a depth of about 0. 25 mil, and the type 410 stainless steel had a loosely ad-
hering oxide layer with penetration to a depth of about 0.5 mil. After 200 hours
at 1600°F, minor oxide penetration was found in the Hastelloy X honeycomb, and

a thin adhering oxide layer was found on the surface. A 0.1-mil thick oxide layer
was found on the surface of the Incoloy 800 specimen with intergranular oxide
penetration to a depth of about 0.5 mil. The stainless steel specimen was severely
oxidized. After testing at 1800°F for 200 hours, the Hastelloy X specimen was
oxidized and pitted on ir.¢ surface to a depth of about 0. 25 mi1 with about 1.0 mil
of intergranular oxidation. The Incoloy 800 specimen was oxidized to a depth of
about 3.0 mils. Because of the severe deterioration of the stainless steel speci-
men at 1600°F, stainless steel was not tested at 1800°F. It is apparent from these
results that the Hastelloy X inatetrial is superior to the other materials with re-
spect to oxidation resistance and that the Incoloy 800 material is superior to the
stainless steel material.

(U) The nonmetallic metorials were subjected to the aging tests shown in

Table VII. Each material was tested initially at the maximum anticipated

service tamperature, and, normally, if satisfactory results were obtained,

testing was not performed at lower temperatures. The test results obtained

at the maximum qualifying temperatures for eack material are shown in Table VI
As shown, SermeTel material demonstrated an acceptable 200-hour life at

1200°F; Fiberglas pilus Polyimide demonstrated a 200-hour life at 600°F; and

the remaining nonmetallic materials demonstrated a 200-hour life at 400°F and
500°F. These results should be considered to be indicative of the capabilities

of the binder material and independent of the particular filler material used.
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(V) TABLE VI

STATIC AGING TESTS PERFORMED ON NONMETALLIC
ABRADABLE SEAL SPECIMENS

) Aging Time (hours)

Aging Temperature

1200°F 600°F 500°F 400°F 200°F
DC-325 0 0 200 200 200
‘DC-53-004 0 0 260 200 200
Chopped Fiberglass plus 0 0 200 0 0
RTV Silicone F ubber
Eccospheres plus DEN 438 0 0 100 1} 0
Molykote plus DEN 438 0 0 100 0 0
Fiberglas plus DEN 438 0 0 100 200 200
Fiberglas plus Polyimide i} 200 0 0 200
Fiberglas plus PBI 0 0 200 0 200
SermeTel (PWA 7-3) 200 0 0 u 0

(

U) TABLE vl

STATIC AGING TEST RESULTS FOR NONMETALLIC
ABRADABLE SEAL SPECIME NS

Aging Aging

Bindge iller Temper~  time
Material Mugwerial ature (°F) (Hours)

DEN 438 ¥ibery: s 400 200
DEN 438% Fibergla: 500 200
DEN 434° Molykote 7 500
DEN 438° Eceospheres 00
DC-325 Proprietary 500
DRC-93-004 Proprictary 300
RV Silicon Chopped SO0
Rubber Fiherglas
Bl Fiberglas 200
Pul Fiberglus 00 Ly
Polyimide Fiberyglas B 200
SermeTel Mica, Graphite, 1200 200
(PWA 7-4) Awninum,

Remarks

Accepled: binder appears
dark and somewhat em-
brittled.

Failed: binder separated
from filier. Severely
charred and cracked.

Failed: material geverely

warped brittle and crt  ad.

Failed: material severely

warped brittle and crackod.

Accepted: material
slightly hardened.

Accepted: material
stightly hardened.
Accepted: material
slightly hardened
Accepled: megligible
change.

Failed: complete luss of
hinder

Accepted:  meglygible
change

Accepled: wme surface
hur-deming noted  Some
spatling of material ot
shurp edge notey

*The 20b-hour service lemperature joe these mate £'als nady be assumod W be
H007F on the basls of the hirst test results Bsted alswve,
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(U) The results of the tensile tests performed during the program are shown in
Figure 46. Both the Haynes 25 and the Hastelloy X feltmetals showed a marked
decrease in tensile strength after static oxidation testing at 1200°F for 200 hours.
The strength of the nonmetallic materials generally increased with aging at the
lower temperatures, but decreased at higher temperatures. This behavior is
attributed to additional curing of the binder material at the lower temperatures
and to deterioration cf the binder at higher temperatures. The filler material
used affects the nominal strength of the inaterial, but it does not appear to affect
the rate of deterioration.
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igure 46  Rocra Temperaturc Tensile Stiength of Abradable Materials
After Aging for 200 Hours at Various Temperatures

2. Hot-Gas Erosion Tests

(U) The maximum temperaiure at which eaci nuterial could be expected to
demonstrate 1 200-hour usefu! life was determined on the basis of the static
oxidation and aging tests. To evaluate the materiale further, each material was
exposed to a high velocity gas stream for 100 hours at this temperature. Mate-
rials for use at medium temperatures were tested in the equipment shown in
Figure 47, and the mcterizls for high ten.perature use were tested in the equip-
ment shown in Figures 48 and -49.

) All of the r.atoris's which - re condidates [or use in the medium temporature
range demonstrated an ability to resist erosion from a Mach 0. 8 gas stream
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Figure 18 Hot Gas Erosion Test Equipment for Abradable Materials for
High-Temperature Use N-23639

Figure 449 Closeup View of Hot Guas Frosion Pest Equipment tor Abradable
Materials tor High-Temperature Use
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for 100 hours at the temperature determined on the basis of the static aging
tests (see Table IX). As shown in Table IX, some of the tests were termi-
nated before a complete 100 hours had been accumulated since the erosion
properties are limited by the binder material used, and many of the materials
had identical binders. When initial results were the same as those for a ma-
terial which had already been tested and which had the same binder, it was as-
sumed that the results for the remainder of the test would also be the same.
The conditions of all of the specimens is shown in Figure 50.

(U) The materials which were candidates for use in the high temperature

range were expcsed to combustion exhaust products at Mach 1. 0. The results
of the tests on Hastelloy X honeycomb materials are shown in Figures 51
through 54. All of these specimens contained an adherent oxide coating approx-
imately 0.5 mil thick after testing. Intergranular oxidation extended from 4.0
mils beneath the surface for the specimen tested at 1800°F for 100 hours to 2.0
mils for the specimen tested at 1600°F for 100 hours. The other Hastelloy X
specimens were tested for shorter periods of time and, therefore, had propor-
tionately less oxide penetration. Ii should be noted, however, that the surfaces
exposed 'irectly to the gas stream suffered somewhat from erosion. For ex-
ample, the hot gas impingement area of the Hastelloy X drilled honeycomb spec-
imen tested at 1800°F for 100 hours suffered a loss of approximately 25 percent
of the web width as a result of erosion,

(1!) The results of the test on Incoloy 380 specimens are shown in Figures 53,
56, and 57. After 47 hours of exposure to a Mach 1 gas stream at 1800°F, con-
siderable erosion had occurred. The remaining oxide coating was 2 mils thick,
and intergranular oxide penetration extended approximately 4 mils beneath the
surface. One hundred hours of exposure to a Mach 1 gas stream at 1600°F
resulted in essentially all of the oxide layer being eroded away with a reduction
in web thickness of about 5 percent. Intergranular oxidation penetrited about

4 mils beneath the surface. Testing with a gas stream at 1400°F for 100 hours
resulted in essentially the same conditions, ss shown in Figure 37.

(U) Hct gas erosion results of the test on type 110 stainless steel are shown in
Figure 58. Exposure for 100 hours to a Mach 1 gas stream at 1400°F resulted
in significant oxide surface erosion which reduced the web thickness by about
10 percent.

(U) On the basis of the static oxidation and the hot-gas erosion tests, it appears
that Hastelloy X drilled or commercial honeycomb would provide a 200-hour ser-
vice life at 1300°F. The Incoloy 300 material would be marginal at l6oo ¢, al-
though it would be satisfactory at 1400°F, as would the type 110 stainless steel.
Neither the web thickness or the method by which the honeycomb was produced
appeared to atfect the service lives of these materials.
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(U) TABLE IX

HOT-GAS EROSION TEST RESULTS FOR CANDIDATE
MATERIALS FCR FAN AND
COMPRESSOR SEALS

Test Time
Term- in
nerature  Test
Material (°F) (Hours) Remarks

DC-325 500 100 Local harduning; negligible
surface erosion.

DC-93-004 500 100 Local hardening; negligible
surface erosion.

Chopped Fiberglas plus 500 14 Test terminated after 14 hours;

RTV Silicone Rubber material showed results similar
to DC-325 after 14 hours.

Eccospheres plus DEN 438 500 12 Severe charring; negligible
erosion.

Molykote Z plus DEN 438 500 100 Minor surface cracking and
blistering; moderate charring;
negligible erosion.

Fiberglas plus DEN 438 400 100 Miuor surface cracking;
negligible erosion.

Fiberglas plus Polyimide 600 100 Negligible surface erosion.

Fiberglas plus PBI 600 100 Binder completely eroded
from filler (Fiberglas).

SermeTel (PWA 7-%) 1200 100 Negligible surface erosion.

Hastelloy X Feltmetal - 1200 100 Negligible surface erusion;
negligible oxidation.

Haynes 25 ! ''metal 1200 100 Negligible surface erousion;

negligible oxidation.
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MAG: 100X

Figure 51 Photomicrograpies of Hastelloy X Dedled Honeveomb Wath ~- Ml
Web After Exposure to Mach I Gas Steeam at 1soe botor Jos Hours

NOFORN

UNCLASSIFIED




Flhgure ol

NOFORN

UNCLASSIFIED

MAG: 103X

Photomicrographs of Hastedlhon N Comrerenad Honeveomd W
=Ml Web Alter Faposure t Mach s Streans: i i bofor

a7 Hours
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MAG: 100X

Figure 38 Photomieroy raphs of Hsite oy N Comne reind Honeyeomb Witk
t Goas Stream at 1soo b ofor

Le-Aal Web After Exposure to Mach

13 Hours
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MAG: 75X

Photomicrographs of Hastelioy N Compewercial Honeveomb With
o= Mt Web After Exposure to Mach 1 Gas Steeart ot 16007 F for

10 Hours
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Figure 55
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MAG: 75X

MAG: 500X

Photomicrographs of Incoloy 800 Dritled Honeycomb With 20-0ii
Web After Exposure to Mach 1 Gas Stream at 1860°F {or 17 Hours
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MAG: 75X

MAG: SJux

Figure 56 Photomicrographs of Incoloy 300 Drilled Honeycomiy With 20-Mit
Web After Exposure to Mach | Gas Stream at 1ooo P tor oo Hours
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femicrograghs of Inceolor 00 Deitled Honeycomb With 26-Mil
Web After Expreture to Mach 1 Gas Streiwn st Liso” b for 100 fours

Fipgure 57
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MAG. 70X

MAG: SD0X

Figure 3% Photomicrographs of Type 410 Stainless Steel Dreilled Honeycomb
With 20=-Mil Web After Exposure te Mach 1 Gas Stream at oo F
for 140 Hours
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3. Dynamic Abrasion Tests

(U) The dynamic abrasion tests simulated the actual mechanical and thermal
conditions that the abradable specimens would be expected to sustain. The
specimens were mounted on a brake-shoe block, heated, and moved into a
bladed-disk spinning assembly. The test equipment is shown in Figures 59

and 60. All of the specimens were aged at the temperature for which they

were qualified as a result of rhe aging and erosion tests. However, 2 number
of the specimens failed during aging because of inadequate bond strength between
the abrasive material and the buckup plate. The condition of the specimens
before and after exposure to the maximum static oxidation of aging temperature
is shown in Table X and Figure 61. The specimens which were in satisfactory
condition were used in the dynamic abrasion tests. Unaged specimens were
substituted for the failed aged specimens to provide additional information for
calculations of the abradability index and to determine the unaged 2bradability
of these materials in the event that future work improves the bonding techniques
and permits these materials to withstand the aging treatment.

(U) The abrasion test results w2re evaluated on the basis of a semiquantitative
abradability index developed for the purpose during this program. The index
was developed on the basis of several considerations. First, no blade tip wear,
Wi, was to be tolerated, nor could bond failure in the abradable material be
tolerated. Further, the drag force produced when the specimen contacts the
blades, Fg, should be as small as possible. A large drag force indicates un-
desirably strong resistance to abrasion. The penetration time, Tp, which
represents the time for the drag force to return to zero, should be as shart 25
possible, since the least reduction in blade tip speed is desired, and since a
short penetration time indicates ease of abrasion. Finally, the depth of pene-
tration, Dp, should be as large as possible for a given g.oove drag force and
penetration time. It was assumed that penetration time and drag force would
be inversely proportional to the depth of penetration in establishing the abrada-
bility index. The requirement for no tip wear resulted in weighing this para-
meter by a factor of 1000. The resulting equation for woradability index is:

Abradability Index = ’l‘p (1 + 1000 Wt)
p

(U) It should be noted in considering this equation that sufficient data is not
available to verify the relative weights assigned to the various parameters.
However, it is felt that the equation provides sufficient reliability to indicate
the comparative abradability of the materials evalusted. In using the abrada-
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Figure 58 Dynamic Abrasion Test hag H=-65345
1. Strain Gage Trans- 3. Air Actuater
ducer Link 4, Compressor Rotor
2. 220-Volt Heaters 5. Steam Drive Turbine

Figure 60 Closeup View of Dyvnamic Abrasion Test Rig N-24710
1. Abradable Seal Sample 3. Actuator Heud
2. Abradable Sead Heater 1. Transducer and Thermocouple

Lead Wires
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(U) TABLE X

ABRASION TE:T SPECIMEN BOND CONDITION
BEFCRE AND AFTER AGING

Material

DC-325

DC-93-004

Chopped Fiberglas
plus RTV Silicone
Rubber

Eccospheres plus
JEN 438

Molykote Z plus
DEN 438

Fiberglas plus
DEN 438

Fiberglas plus
Polyimide

Fiberglas plus PBI

SermeTel (PWA 7-3)

Hastelloy X Felt-
metal

Hayres 25 Felt-
metal

Hastelloy X Com-~
mercial Honey-
comb

Hastelloy X Drilled
Honeycomb

410 Staii..css Steel
Drilled Honeycomb

Incoluy 800 Drilled
Hoaeycomb

GE-17537

GE Nichrome
Foametal

Bond Condition

As Fabricated

Good with minor cracking
of material when bent but
negligible bond failure.

Same as DC-325

Marginal with some sep~
aration of seal from back-
up plate when berit.

Poor since brittls material
shatters when bent.

Good: Material and bond
withstood normal bending.

Good
Good

Marginal with some sep~
aration of laminate noted
after fabrication.

Good

Good

Same as Hastelloy X

Good: strength of honey-
comb braze prevented
norial bend test.

integral specimen: no
bond required.

Integral specimen: no
bond required.

Integral specimen: no
bund required.

Same as DC-323

Good

After Test Exposure

Marginal with some cracking
and locelized separation of
seal from back-up plate after
aging.

Poor: seal separated from
back-up plate during aging.

Marginal

Poor

Poor: seal cracked and sep-
urated from backup plate
during aging.
Poor: bond failure due to
aging.

Good

Poor: Seal separated from
backup plite during aging.

Poor: seal cracked and
separated from backup plate
during aging.

¥air: localized bond fallure
Jue to braze "wicking.”"*

Same as Hastelloy X

Good

Integral apecimen: no bond
required.
Integral specimen: no bond
required.

Integral specimen: no bond
required.

Marginal: local separation
from backup plate in rub
ares. (Specimen not aged)

Specimen not aged

*Wicking: absorption of braze alloy by feltmetal by capillary action which
starves bond interface.
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Figure 61  Typical Nonmetallic Abradable Specimens After Aging for Various
Periods at Various Temperatures XP-77923/XP-77926

bility index, it was necessary to determine a value which would separate ma-
terials with acceptable and unacceptable abrasion characteristics. Study ot

the eqguation and the material requirements resulted in selection of the index
value of 71. 4 with Iy expressed in pounds, 'l‘p in seconds, and Dp and Wy
expressed in inches. Index values of 71.4 and below, therefore, were considered
to be acceptable, and values above T1. 4 were considered to be unacceptable.

(U) Resuits of the abrasion tests are shown in Table XI. As shown, the only
qualifying material is DC-325. All other materials had excessively high
abradability indices, failed to surve the mandatory aging treatment, or
physically failed during the abrasion test. The couditions of typical specimens
after dynamic abrasion testing are shown in Figures 62 through 75.
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Figure 62 DC-325 Unaged (Top) and Aged (Bottom) Rub-Strip Specimens
After Dyvnamic Abrasion Testing at 525°F and 50071, Respectively
NP-77925

DC -93-004 U naged Rub-Strip Specimens After Dynamic Abrasion

Figure 63
NP-T79205

Testing at 425°F
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{U) TABLE X1
NYNAMIC ABRASION TEST RESULTS
Drag
Contact Time For  Depth of Drag Penmts
Prerub Blade Time Pencination Peaetration  Force
Material Condition Speed {Seconds) _{Scconds) {inch) M)
DC-325 Unaged 13,990 ] 0.2 0. 08" 6.8
3 DC-32% Aged 100 43,9986 3 0.2 0, 40 1.3
Hours at 25¢°
F and 200
Hours at
500°F,
DC-93-004 Unaged 14, 000 6 0 0. 064 0
Chopped Fiberglas Unaged 14, 000 4374 0 Pund n
plus RTV Silicone Ruptured
Rubber
(hopped Fiberglas Aged 14,000 5 1} Rond [}
plus RTV Silicote Ruptured
Rubber
Fiberxlas plus Unaged 13, 996 5 0. 13 0,13 1.5
DEN 434
Fiberglas plus Aged 14, 000 s 172 0.3 (1. G0 15.1
DEN 434 slightly (Rubbed
loose due through
to drilling seal)
Moly<ole Z Unaged 13,936 53 4 0.13 0,4 4
phis DEN 438
Fiberglas plus Unaged 14,03 3 0T 0043 t3.0
PBI
Fiberglas plua Aged 14, 000 5 A 0,024 5.5
Pulyimide
ScermeTel (PWA-T-3) Unaged 14, o0 302 "3 W02t 5
Hastelloy X Agad 13, w66 404 [ 0,037 9
Feltmetul
Hayaes 25 Apgedd 14,016 [ nos 0,037 te
¥eltmetal
Hastelloy X Aged 13,169 A 0.z [PI= ¥ 1.2
(Cemmercial
} Honeycomb with
o.Ml Wb
410 Staialess Aped 14,050 13 4 1.4 0, 025 to I3
Steel Drilled 13, 109
Hoscsoonb with
20.MIl Wk
Gk -157 ! naged 13,929 3 B} BRG] Y
Rubdecr ! oats
Gk Nictyosme U nagead 13,993 Y 1.5 0, nde s
foametal

* fades b doicetniamd, boml Bailure daring teat

.- fmdcs wt detcfininotl, bladca cotdactol bachup plofc
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.' V) TABLE XI
DYNAMK ABRASION TEST RESULTS
Drag Fotve
¢ omtact Time For  Depth of Drag Penctration Indtiat Temparatute  Blade
i Time Penetnation Penetrstion  Force Depth Temperature Nise Tipeear Abracility
(Seconts) _(Secoads) _(acd) = _(B) __(B/in) £r) fda) {Inchew) Tadex
5 0.2 0. G890 6.6 R2.5 525 L] [ 6.5
5 0.2 0, 040 1.3 2.6 500 ] [ 16.5
[ (] 0. 068 0 [ 25 0 [ [
43/4 0 Borxd Q@ 0 505 0 n .
l '\lﬁllfl‘d
5 (] Pord ] n 300 0 1] .
Rupturyd
5 .15 (LA 1.3 1.5 410 3 0 17.3
!
: 61/2 0.3 0. 060 315.1 232 410 * Nat A
(Rubbed applicable
through
{ seal)
, 534 0.15 0, 054 4 39 90 20 o "9
E 3 0.7 0. 043 3.0 289 115 15 0. 002 (5.3
:
' 5 0.5 0. 024 5.5 124 KOO 0 0. 002 3i2.0
5172 0.3 0,021 3 238 120 146 [l T4
1434 0.5 9. 637 % 243 o5 10 0. un3 4040
[ 0. [ES 4 3a0 920 ) 0, H4 1520.0
-4 0.2 04 .2 66 1925 Q o, 001 2120
£33 1.4 n o9& tu 23 LT 34 11435 30 0, 0% +445.0
3. 009
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Figure 61 Chopped Fiberglas Plus RTV Silicone Ruober Unaged §Top) and
Aged (Bottor) Rub-Strip Specimens After Dvrnamic Anrasion
Testing at 505°F and 5607, Respectively KP-77924

Vigure 50 Vecespheres Plus DEN 43S Unagaed Bub-strip Speclimen After
sond Pallure During D namdce Abrasion Uest NE-TTO0
NOFORN
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‘ o

Figure 66  Molykote Z Plus DEN 438 Unaged Rub-Strip Specimen After
Dynamic Abrasion Testing at Room Temperature XP-77928

s

TFigure 57 Fibergias Plus DEN 438 Unaged (V'op) and Aged (Bottom) Rub-
Strip Specimens After Dynamic Abrasion Testing at -110°t
XP-77929
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Figure 68 SermeTel (PWA 7-3) Unaged Rub-Strip Specimen After Dynamic
Abrasion Testing at 120°T XP-78511

Figure 69 Fiberglas Plus PBI Unaged (Top) and Aged (Bottom) Rub-Strip
specimens Alter Dyvnamic Abrasion Testing at 135 1 and 600 17,
Respeetively NP-T7824
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Figure 70 Hastellov X Feltmetal Aged Rub-Strip Specimen After Dynamic
Abrasion Tesuing at 10057 XP-7%511

Figure 71 Havnes 25 Feltmetal Aged Rub-Strip Specimen Alter Dynamic
Abrasion Testing at 420°F Np-77027

Figure 72 Hastellov X Commercin! Honeveomb Aped fgh-Strip Specimen
Alter Dvnamic Abrasion Pesting at 1o2iyF Np-Trust
NOFORN
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Figure 73 Type 110 Stainicss “teel Drilled Honeycomb Aged Rub-~Strip
Speeimen After Dyramic Abrasion Testing at 11451 XP-77927

DA
T

TR AANGCUR I AR M S

Figure 71 GE-T57 Unaged Rub-Strip $pecimen After Dyvnamic Abrasion
I'esting at 5301 NP-75913

Fipure 7o GE Nchrome Poametd Unaged Rub-Steip Specimen AMter Dynamic
Abrasion Testing at 1oso F NP-T.413
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E. CONCLUSIONS AND RECOMMENDATIONS

(U) None of the materials successfiiilly completed all of the evaluation tests.
However, as shown in Table XII, nona «f the materials evaluated satisfied this
requirement. Only one material was considered to be even marginal, and this
was DC 325 material, which has good characteristics excapt for bond strength
and service life, both of which are marginal

(U) The metallic honeycomb materials failed to qualify primarily because of
their toughness and abrasive qualities which caused blade tip wear. Insufficient

bond strength was the chief cause of failure for the nonmetallic materials. In
view of these results, it is evident that further study is required to determine a
geometry which will reduce the toughness of the metallic specimens to eliminate
the problem of tip wear. Additional study of nonmetallic materials is also
recommended.

(U) This program attempted to demonstrate the capability of a number of non-
metallic materials to withstand the conditions existing in medium temperature
environments. These materials did not qualify, however, because of the
abrasive qualities of the filler materials, which resulted in blade tip wear.
Consequently, future work with nonmetallic materials should be concentrated
on an extensive investigation of a number of filler materials in combination with
a limited number of proven high-temperature binding materials.

(U) Several useful trends were established. A measure of abradability was
developed which is useful for comparing the relative abrasion qualities of mater-
ials. In addition, it was found that abradability appears to be inversely propor-
tional to the tensile strength of the material. Finally, a number of materials
were found which are capable of withstanding high temperature corrosion and
erosion conditions. The outstanding problem is finding a material which is
capable of withstanding operating environmental conditions and which also has
sufficiently low toughness and abrasive characteristics to preclude blade tip
wear.
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Material
DC-325

PC-93-004

Chopped :berglas
plus RTV 60 Silicone
Rubber

Eccospheres and
DEN 438

Molykote Z plus
DEN 438

¥iberglas plus
DEN 434

Fiberglas plus
Polyimide

Fiberglas plus PBI

Se-meTel (PWA 7-3)

Hastelloy X
Feltmetal

Haynes 25 Felt-
metal

Hastelloy X Drilled
Honeycomb
Hastelloy X Com-

mercial Heneycomb

410 Stainlexs Steel
Drilled Honeycomb

fncoloy sou Drilled
Honeycomb

GE-757

G Nichrome
Fuametal

NOFQRN

Component

Application
Fan plus low~
temperature
compressor

Fan plus low=
temperature
compressor

Fan plus low-
temperature
compressor

Fan plus low-
temperature
compressor

Fan plus low-
temperature
compressor

Fan plus low-
temperature
compressor

*an plus low-
emperature
compressor

Fan plus low-
temperature
caompressor

Fan and Compres-
sor

Compressor and
Turbine
C+ npressor anu

Turbine

Compressor and
Turbine

Compressor and
Turbine

Compressor and
lurbine

Compressor and
Turbioe

Fan and low-
tempe rature

cumpreasur

tan and compres-
anr

UNCLASSIFIED

(U) TABLE X

SUMMARY OF ABRADABLE SEAL MATERIAL TEST PROGRAM

Fabrication
Bond

_Srength
Marginal

Poor

Poor

Poor

Peur

Poor

Goud

four

Pour
Poor
Poor
Good
Goed
Good
Good

Murginai

Croodt

UNCLASSIFIED

Static

Oxidation Hot

and” Gas

Aging Ervsjon
Gor:d Good
Good ood
Good Good
Poor Good
Good Good
Good Good
Good Good
Good Good
Good Gond
Good Good
Good Good
Good Goad
Gouod Good
Gond Goodd
Good Good

PAGE NO. 83

Dynamic
Abradability

Good

Good

Good

Poor

Good

Good

Poor

Poor

Goud
Puor
Poor
Poor
Poor
Pour
Pour

Goud

Poor

Abradable Seal
Application
At Maximum

_Temperature

Marginal

Unacceptable

Unacceptable

Unacceptabie

Unacceptable

'nacceptable

Unacceptable

Unacceptable

tnacceptable

Unacreptable

U'nacceptable

Unucceptable

Unacyeptable

L nacceptable

Unaceeptanle

L nacceprable

Qualifying
_Remarks

Less than 200 hour life

Bond failure

Bond failure

Prittle bond and seal muterial

Brittle bond

Bond failure

Blade tip wear

Bond failure and blade tip wear

Hond failure

fopd failure and blade tip wear

Bond failure and blade tip wear

Blade tip wear

flade lip wear

Hlade Lp wear

Blade tip wear

Pertormance sumlar to hC-325
with sume material cracking

Blade Up wear
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SECTION VI

EVALUATION OF MATERIALS FOR USE IN A HIGH-TEMPERATURE
CORROSIVE AND EROSIVE ENVIRONMENT

A. INTRODUCTION

(U) A number of materials were evaluated for use in a high-temperature cor-
rosive and erosive combustion environment. The program involved four distinct
tasks. Initially, materials were selected for study on the basis of experience
and a literature survey. This was followed by the fabrication of specimens for
testing. During the fabrication effort, data on the formability and coating of

the materials was ohtained, and welding requirements were determined. The
third task was low-cycle fatigue testing, and the fourth task consisted of two
series of thermal endurance tests.

B. MATERIAL SELECTION

(U) The materials for evaluation were selected on the basis of high-temperature
strergth and good oxidation-corrosion resistance. A literature search resulted in
the selection of nine basic materials, including high-temperature nickel-bese
super-alloys, dispersion strengthened alloys in coated and uncoated form, and
coated refractory alloys. Hastelloy X was also included to provide baseline data.
The complete list of the materials evaluated is shown in Table XIII, together with
nominal compositions and suppliers.

C. SPECIMEN FABRICATION

(U) The specimens were fabricated to a design which simulated a louvered sec-
tion of a typical combustion liner. ['he specimen design is shown in Figure 76.
No difficulty was encountered in forming ary of the materials except thoriated
L-605 alloy and coated 1D nickel-chrome alloy. Several uttempts were made to
form L-605 alloy to the required geometry, but each attempt resulted in cracks
in the specimen. Various attempts to heat treat the material to improve its
formability were unsuccessful. The heat treatments attempted are shown in
Table NIV.

{U) The formability of coated TD nickel-chrome alloy was found to be signifi-
cantly pooger than that of the uucoated material. Specimens were successfully
fabricaicd, however, by usiay a hot forming process.

(U) Resistance welding was used for all of the materials except Cb-129Y, which

was electron-beam welded because of its high melting point. Welding did not
cause any difficulties during fabrication.

NOFORN
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TABLE XIV

Heat Treatments Applied to Thoriated
L-605 Sheet Prior to Forming

Time at Cooling
Temperature (°F) Atmosphere Temperature (hr) Rate
2250 Hydrogen 1.00 Air quench
2250 Hydrogen 0.25 0il quench
2250 Hydrogen 0.25 Water quench
2300 Hydrogen 2.0C Cooled in H2

/ 0.042" % 0.003° VIEW A
— R/ »)
‘ , |

A

/004
— g TO . / 0%
- N COOLING HOLES;
[
1 (o | 0.062"* DIA. %0.005"
g ! 0.162" £0.005"" ON CENTER
o (10 HOLES)
I 2
o
212 S !
S
)
v L _J
- 2 -

process.

NOFORN

Figure 76  Test Specimen Design

(U) Two coatings were used to provide oxidation protection for the material.

A coating of Cr-Ti-Si material was applied to the refractory alloy, Cb-129Y by

a two-cycle vacuum process. Prior to coating, all edges were ground to a mini-
mum radius of 0. 050 inch, and fillet welds were added to joined pieces o provide
the minimum €. 050~inch radius at all interfaces. The radii were required
ensure coating integrity at all joint interfaces and edges. Thoriated nickel and
thoriated nickel-chrume alloys were coated with a duplex chromized-aluminized

All edges of these specimens were ground to a full radius to prevent

unequal coating buildup. Photomicrographs showing the coating produced are pre-
sented in Figures 77, 78 and TY.
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Flechant: 50 0 HE, o5 0 HNOg, 24 HpO Mag: J00N
Figure 77 Photomicrograph of Co=129% Specimen With Cr=7i=81 Coating

U netched Viag: LOpoX

Pigure 7~ Photomicrograph of TD Niehel Specimen With Duplex Chrome-
Aluminide Coating
NOFORN
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Unetched Mag: 100X

Figure 79  Photomicrogriph of TD Nckel-Chrome Specimen With Duplex
Chrome-Aluminide Coating

D. LOW-CYCLE FATIGUE TESTING

(U) Low-cycle fatigue testing was performed on selected materials using the

true reverse-bendiny rig shown in Figures 80 and %1. The materials tested were
uncoated Hustelloy X, uncoated TD nickel, chrome-aluminde-coated T'D nickel-
chrome, and uncoated Inconel 625. Each material was teswed at five strain levels,
1.2, 0.87, 0.68, 0.35, and 0.38 percent. These strain levels were chosen to
simulate the environmental s rains inposed by thermal ¢yeling during engine
aperation.  Testing was performed at 1650 and 1300°F.

(U) The fatigue data obtained was correlated by fitling an analytically determined
equation to the data. This equation was developed using ihe principles presented
Ly Tavernelli and Coffinl and Manson2.  Construction of the analytical curve is

Experimental Mechanics, July 1965.

Le. ¢, Tavernelli and L. F. Coffin, Jr., "Experimental Support for Generalized
Equation Predicting Low Cycle Fatigue,” Journal of Basic bngineering, December
1962,

28.5. Manson, “Fatigue: A Complex Subject - Some Simple Approximations, ™
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Etehant: on HE, o0 HNO5, 510 Hzo Mage:r H00X
re 77 Photomicrograph of Co=129Y Specimen With Cr- Fi=Si Coating,

-

i

T2

1 , A 3
BETA MICKEL -ALUMINIDE LAYER

s 5

Frw T .
R ALPH2 _CHROME LAY ERE
TP -

U netened viag: ooox
Piyure U Photonmacerograph of T Nchel Specimer With Duplex Chrome-
Muminide Couting
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Uneiched Mag: 1000X

Figure 79  Photomicrograph of TD Nickel-Chrome Specimen With Duplex
Chrome-Almiride Coatling

D. LOW-CYCLE FATIGUE TESTING

(U) Low--cycle fatigue testing was performed on selected maierials 1iging the

true reverse-bending rig shown in Figures 80 and 1. The materials tested were
uncoated Hastelloy X, vucoated TD nickel, chrome-aluminde-coated TV nickel-
chrome, and uncoated Inconel 525. Each material was tested at five strain levels,
1.2, 0.87, 0.68, 0.55, and 0.8 percent. These strain levels were chosen to
simulate the environmental strains imposed by thermal cj zling during engine
operation. Testing was performed at 1650 and 1800°F.

(U) The fatigue data obtained was correlated by fitting an analytically determined
equation to the data. This equation was developsd using the principles presented
by Tavernelli and Coffinl and Manson2. Construction of the analytical curve is

13, F. Tavernelli and L. »". Coffin, Jr., "Experimental Support for Generalized
Equation Predicting Low Cycle Fatigue," Journal of Basic Engineering, December
1942,

28.S. Marson, "Fatigue: A Complex Subject - Some Simple Approximations, "
Experimental Mechanics, July 1965.
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Figure 80 True Reverse-Bending Low-Cyvele Fatigue Rig N-22621

i'igure Si Closcup View of True Reverse-Bending Low-Cyele Fatigue Kig
X-22620

NOFORN
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shown in Figure 82. As shown, construction of the curve depends on the values
of the fracture elongation, the ultimate tensile strength, the endurance strength,
and the modulus of elasticity. By using static properties, it is possible to con-
struct the fatigue curve without ohtaining experimental fatigue data.

2w

n
#3
&
s
g
E
E

(U) The plastic portion of the curve ccnsists of an intercept and a slope which

are dependent on the relationship between the plastic strain and the total strain

of the material. This relationship must be known for any given level of strain

and may be deterrined from tensile test plots of stress versus strain, since

total strain equals the sum of the plastic strain and the elastic strain. The
elastic portion of the curve is proportional to the ultimate and cndurance strengths
of the material. The equation used for this program was:

€ - ¢ In(o , /o
{ f m) Tuts ( uts e)
¢, - 2——— + 2 ——— (iN) ;
tr {(4N)4a E e g
' In(0.25 x 10 7)
where:
¢ Total strain range
r
(f < Fracture elongation
10.0 g3 r "
t t [t ¥
by 1
- §FRACTURE ELONGA]’!QN i
z T B8l
w T 1 '1 i
) + ‘ ;
o Ol ! l] ! U ! ' I ‘T
o sl | |
a ‘i‘ 1l 4
l * -
Ww » e A -+
[&] et ot B
z oIS\ L |
< . ik ), f\q; AR T
o , H + %r P 47 ' 11 ‘
v ! | i ' ;
z L PLASTIC|: | DS YR | TOTAL - PLASTIC + ELASTIC ||
S ol ge NG
& i e ? - =
) + Aottt —+ + bt N * "
< —T ULTIMATE FATIGUE STRENGTH Mgt . e+t 2 ’
—+ T N ELASTIC 11
o i MODULUS OF ELASYICITY T ? RERY i
- ST L ‘w" 11]5ly ENDURANCE STRENGTM
o T ' i ‘l MODULUS OF susr.cmr
n.01 A SN I L L LulLLhLA [ e f““J

025 1 10 102 103 104 103 108 107

FATIGUE LiFE ~CYCLES

Figure 82 Analytical Construction of Fatigue Curve
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¢'n = Mean applied strain
a = Material constant
a = Ultimate tensile strength
uts
E = Modulus of elasticity
de = Endurance strength

(U) For this program a minimum of experimental fatigue data was used to deter-
mine a "best fit" curve. This was done by substituting the values of fatigue test
duta into the znalytical equation to determine the correlation with the known static
properties.

(U) Low-cycie fatigue test results, based on the correlation method described
above, are presented for each of the materials in Figures 83 through 83. No
data is presented for Hastelloy X or Inconel 625 materials for fatigue life at
1800°F because plastic deformation occurred during testing which resulted in
"hinging'' of the specimen. A typical hinged specimen is shown iu Figure 89
together with 2 normal low-cycle fatigue fracture. In reviewing the curves, it
should be recognized that some error is probably present at the high-life range
since o fatigue data was obtained at strain ranges below 0.38 percent.

100 g

B a8 sal

R 2aetad

PERCENT SiRAIN

141

T 19 102 193 104 o3 108

FATICUE LIFE ~ CYCLES

Figure 83 Low-Cycle Fatigue Test Kesults for Hastelloy X Material at
1650°F
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Fatigue Test Results for TD Nickel Allov With Chrome-

Aluminide Coating at 1650°F and 1800°F
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Low-Cycle

Figure 85
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Low-Cycle Fatigue Test Results for TD Nickel-Chrome Atioy ai
1650°F and 1800°F
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Low-Cuyile Fatigue Test Results for TD Nickel-Chreme Alloy
Coated With Chrome-Aluminide Coating at 1650°F amd 1500°F
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Figure 88 Low-Cycle Fatigue Test Results for Inconel 625 Alloy at 1650°F

Figure 39 Normal Low-Cycle Fatigue Specimen After Failure (Top) and
Hinged Specimen (Bottom)
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(U) Comparison of the curves shows that for a 1060-cycle life at 1650°F, coated
TD nickel, Incone! 625, and uncoated TD nickel-chrome posses the best fatigue
characteristics. These are followed by coated ID nickel-chrome, Hastelloy X,
and uncoated TD nickel. At 1800°F for the same cyclic life, the order is the same
except the Inconel 625 and Hastelloy X must be eliminated entirely since both of
these materials underwent plastic deformation at this temperature. If the mater-
1als are evaluated for cyclic lives of about 105 cycles, however, the relative order
of the materials with respect to their fatigue charscteristics differs. For a life

of about 10% cycles at 1650°F, coated TD nickel chrome has the best fatigue
characteristics, followed by coated TD nickel and uncoated TD nickel chrome

and then hy Hastelloy X, Inconel 625, and uncoated TD nickel. At 1800°F, thr
order is coated TD nickel chrome, uncoated TD nickel chrome, coated TD nickel
and uncoated TD nickel. The change in order for the two cyclic lives is not really
anomalous since varying the composition of a material to produce a better ultimate
and endurance strength usually causes some loss in fracture elongation, and these
parameters govern opposite ends of the fatigue curve.

(U) The data for a cyclic life of 1000 cycles indicates that uncoated TD nickel-
chrome alloy has better fatigue characteristics than coated TD nickel-chrome
alloy. This behavior was not expected since the coating was added to improve
the cyclic fatigue life. It appears that the coating process had detrimental cffects
on the base material properties which were not completely offset by the expected
improvement in properties produced by the coating. Further development cf the
coating composition and application procedure could be expected to improve the
fatigue properties.

E. ENDURANCE TESTING

(U) The selected materials were exposcd to combustion gases for extended
periods. The gas stream velocity was about Mach 0.3 to 0.4, and test tem-
peratures ranged from 1800°F to 2200°F. These tests were performed in two
phases.  Phase I consisted of ten-hour cyelic endurance tests with ten minutes of
exposure to the bot gos stream and one minute out of the gas stream.  All of the
materials except thoriated L~605, for which a specimen could not be fabricated,
were tested duciag Phase [L The specimens were tested in pairs at 2200 7,
2000°F, and 18300°F, using the equipment shown in Figures 90 and 41, The two
materials which showed the least deterioration at the maximum temperature were
tested during Phase 1. The Phase U test was a 100-hour cycelic endurance test
with the specimens positioned in the way stream for one hour and out of the gas
stream for one minute during cach cycle. The gas stream temperature was
2000°F, and the specimens cosled to approximately 500°F during the one minute
when they were removed from the gas stream.  The specimens were inspected
periodically for general condition during both phases of the program, and, at the
completion of the tests, all materials were thoroughly examined for general con-
dition and mic-ostructure.
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Figure 90 High-Temperature Material Cvelic Endurance Test Kig

Pigre o1 Closeup View ot High- Femperature Material Cuvolie Bordurs oce
Pest Bty Shoewing Specimmens in Pest Position N-ranad
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1. Phase I Test Results

(U) Tke condition of the Hastelloy X and the nickel-base alloys Incoloy 804,
Inconel 702, and Incorel 625 after testing is shown in Figures 92 through 95.

As shown, each of these materials suffered from excessive surface oxidation,
gpalling, and warpage, with the effects becoming more pronounced as the test
temperature was increased. None of these materials are considered to be suit-
able for the intended anplication.

(U) The condition of uncoated TU nickel and uncoated TD nickel-chrome speci-
mens is shown in Figures 96 and 97. As shown. the depth of oxidation penetra-
tion increased as the test ‘emperature was increased, and cracking occurred
parallel to the rolling direction i the TD nickel specimens tested at 20L0°F aad
2200°F.

(U) I'igures 98 and 99 show the results for the chrome-aluminide-coated I'D
nickel and TD nickel-chrome specimens respectively. After 10 hours at 1800*F,
neither specimen showed significant deterioration. After testing at 2000°F, both
materials showed evidence of oxidation in limited areas of the outer layer, with
the oxide attack being somewhat more advanced in the coated TD nickel-chrome
material than in the coated TD nickel material. [n addition, the coated T nickel
specimen contained some aligned porosity at the coating-substrate ‘nterface, which
was attributed to diffusion by the Kirkendall effectl. At 2200°F, both specimens
suffered from blistering and peeling of the couting and subsequent oxidatic.a of the
base metal.

(U) The last two materials tested during Phase | were DS (dispersion strength-
ened) nickel-chrome alloy and Cr-Ti-Si-coated Cb-129 Y alloy. The condition of
specimens is shown in Figures 100 and 101 respectively. The DS nickel-chrome
gpecimen showed negligible deterioration after testing at 1300°F, but severe
warping occurred during testing at 2000°F.  Limited oxide penetration vccurred
during testing at 1300°F, but the oxide penetrated down to the chrome layer dur-
ing testing at 2000°F, and it reached the base metal during testing at 2200°F.

In eviluating the results for this materia!, it should be noted that the specimen
use | wag only 20 mils thick, whereas «ther specimens were 42 mils thick., This
was the only specimen thickness availat.l: ai the time.  The small thickness de-
finitely contributed to the inabilicy ot this specimen o withstand Mach 8.3 to v, 4
gas velocities at elevated temperatures.  The coated Ch-129 Y specimen showed
evidence of coating failure at all test temperatures. laitially, crare cracking
occurred ia the outer layers. Subsequent crack growth peszet rated the uaderlving

1__s_cvcnm Quarterly Progress Report to AFML Development of Coatings for Pro-
tection of Dispersivn Strengthened Nickel from Oxidation, Contyact AV33 (615)-
1704, E. 1. Dupost de Nemours & Co., Inc., October 10, 1966,
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iaves phase and then invaded the solutioa and parent-metal regions. Oxidation
followed the cracks into the base metal, where rapid deterioration of the CB-129 Y
alloy occurred. 2 Incomplete cozting in weld areas contributed to the catastrophic
oxidatiou of the base metal obsearved after testing at 2200°F.

(U) In summary, all of the materials tested during Phase I showed a similar type
of deterioration after testing at 180C°F, with the amount of deterioration being
least for the coated TD nickel and the ~oated TN nickel-chrome specimens. At
2000°T, all of the materia:s suffered from oxide penetration into the base metals
except for the coated TD nickel and the cowted TD nickel-chrome specimens, on
which the coatings remained vniformly attacied v the; substrates with only limited
areas of oxidation in the outer layer. At 2200°F, all of the specimens suffered
from considerable deterioration. 7The relative amounts of warpage for the speci-
mens tested are shown in Figure 102. Warpage was measured at the location
shown in Figure 103. Oxide penetration for all of the uncoated specimens is shown
in Figure 104.

(U) On the basis of the Phase I test results, chrome-aluminide-coated TD nickel
chrome and chrome-aluminide-coated TD nickel were selected for Phase Il testing

at 2000°F.

2. Phase I Test Results

(U) During the 100-hour test »f the coated TD nickel specimen, zracking occurred
parallel to the rclling direction after 4i hours of testing followed by oxidation in
the cracks and in areas arourd the cooling holes where the coating spalled from
the specimen. However, aftcr 100 hours of testing, the over-all coating was stiil
proteciive except for the same area noted above. This is shown in Figure 105.

(U) Initial examination of the specimen indicated that the coating was intact, al-
though a light green highlight was present in the area exnosed to the maximum
temperature, whereas the material originally had a silver-gray metallic iuster.
Metallographic examination verified that the coating was intact. It also revealed
that surf ~e oxide and oxide penetration of the coating occurred, with some por-
osity v it at the coating-substrate interface.

(U) The coated TD nict el-chrome specimen suifered severe deterioration during
the 100-hour test, as shown in Figure 106. Initial coating deteriorvation was oh-
served after 15 hours of testing. The deterioration continued as the test pro-

2 H. A. Hauser and J. F. Holloway, Jr., Evaluation and Improvement of Coatings
for Columbium Alloy Gas Turbiue Engine Components, AFML-TR-66-186, Pratt
& Whitney Aircraft Division of United Aircraft Corporation, East Hartford,
Connecticut, July 1966.
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gressed with considerable spalling occurring at the leading edge and in the areas
around the cooling holes. Metallographic examinaticn revealed an adherent oxide
scale in the regions where the coating had spalled from the specimen, with inter-
nal oxidation and some porosity occurring in the chrome-rich region beneath the

scale.

(U) 1t is evident from the resuilts of the Phase II tests that coated TD nickel has
greater resistance to cyclic thermal stress in a combustion stream than coated
TD nickel-chrome alloy. However, consideration of the TD nickel-chrome
alloy should not be closed since methods of applying coatings of thoriated nickel
alloy have not yet been extengively developed.

. CONCLUSIONS AND RECOMMENDATIONS

(U) None of the materials tested demonstrated an ability to withstand a combus-
tion gas stream at 2000°F at Mach 1.3 to 0. 4 for long periods. Best results were
obtained with chrome-aluminide-coated TD nickel, but cracks were observed in
this specimen after only 40 hours of testing and oxidation followed the cracks.
The second best material was chrome-aluminide-coated TD nickel-chrome alloy,
but this material deteriorated significantly during 100 hours of cyclic testing at
2V00°F. However, the coating procedure used noticeably degraded the fatigue
life and the formability of this material. With a Leiter coating procedure, the
thermai capabilities of the material might be improved together with the faticue
life and formability. All other materials tested suffered excessive oxidation

and dimensional distortion after exposure to the hot gas stream for periods of
ten hours or less.

(U) It is also recommended that the development of coated T'D nickel-chrome
and refractory Cb-129 Y be continued. 'TUD nickel chrome is superior to TD
nickel in the uncoated condition with respec! 0 oxidation resistance and fatigue
life, and, with proper coating procedure development, this material may also
prove to be superior in the coated condition. Refraciory Cb-129 material de-
monstrated excellent high-temperature capabilities during these tests, but was
disqualified because of coating defects.
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